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Abstract 
This paper presents contouring error analysis using various classical feedforward controllers. A circular motion is performed using an XY 
positioning stage with specified amplitude and velocities. This study applied single Static friction model, Generalized Maxwell Slip (GMS) 
model and combination of both models together with feedforward Proportional-Integral-Derivative (PID) controller. Contour error in term of 
quadrant glitch is measured by respective angle in each quadrant of circular motion. Due to stick slip motion during velocity reversal generate 
glitches near zero velocity. Root-mean-square error (RMSE) is calculated based on radial error of circular motion to show variance of errors 
towards average. The results are experimentally shown that glitches have higher reduction in lower velocity by comparing between applied 
with and without friction feedforward controller. Better reduction in contour errors improves precision of machine tools and hence increases 
productivity.  
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1. Introduction 
The ball screw driven are mostly used because of great 
capabilities in velocity and acceleration, high efficiency and 
simple pre-stressing [1]. Furthermore, ball screw has high 
service life without stick-slip effect [2]. Because of that 
reason, it is dominantly chosen in machine construction 
market. However, Pritschow [1] discusses on linear motors 
against the ball screw drives that the form resonant system 
with low natural frequency and thus limit the overall 
bandwidth. Gordon and Hillery [3]describe a high speed 
cutting machine development by using linear motors. A linear 
motor which is an electromagnetic actuator is composed of 
two rigid parts supported by linear bearing, offers several 
advantages such as low inertia, better performance, increased 
accuracy and reduced complexity. 
A model based feedforward controller is introduced as 
friction compensation by Tjahjowidodo et al. [4]. This model 
adopted various friction model from Coulomb model to GMS 
model. It is found that Coulomb and Stribeck effect is for 
motion with high displacement while GMS is effective in 
presenting friction behavior in pre-sliding regime. 
Furthermore, feedback compensation is better than 
feedforward compensation for fast response and low steady 
state error.  
Jamaludin et al. [5] has illustrated friction behavior for pre-
sliding and sliding regime by a feedforward friction force 
compensation based on GMS model. In addition to the model, 
an inverse-model-based disturbance observer and repetitive 
controller are introduced to reduce friction induced quadrant 
glitch. However, the compensation designed not able to 
compensate cutting force higher harmonics.  
Lampaert [6] did a comparison between model and non-
model based friction compensation techniques in pre-sliding 
regime. GMS and disturbance observer is been experimented 
to the weak feedback controller. GMS appears to be good in 
position tracking error while proposed disturbance observer 
gives best feedforward friction compensation result. However, 
higher reference trajectories increasing position error. Thus, 
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GMS is best in reducing errors since disturbance observer has 
only compensated disturbance up to limited bandwidth. 
This paper is organized as follows. Section 2 provides an 
overview of friction compensation models applied to 
compensate friction while sliding and pre-sliding regime. 
Section 3 describes relationship between quadrant glitch 
magnitudes with feed rate in CNC machine.  Section 4 covers 
experimentation works and result of applied friction 
compensation model onto ball screw driven positioning stage. 
Section 5 concludes the finding and gives recommendation for 
future works. 
2. Friction compensation model 
This section discusses various friction compensation model 
to compensate friction occurred while sliding and pre-sliding 
regime. Much research has been done to compensate friction 
especially on ball screw driven positioning. It has been 
studied that nonlinear frictions caused by a ball screw driven 
are Stribeck effect and rolling friction [2]. Whereas static 
friction affects the circular contour accuracy at near zero 
velocity and begins to move [7]. 
Armstrong et al [8] highlights two important behaviours: 
 
• Elastically deformed and rise in pre-sliding regime 
• Plastically deformed and rise to static friction 
 
Pre-sliding regime is where breakaway point occurred. Pre-
sliding displacement is a breakaway displacement. Xi [9] 
stated that the static friction is at maximum value when 
breakaway displacement has been reached. Static friction drop 
to zero when breakaway displacement is in the end.  
Al-Bender and Lampaert [10] defines that pre-sliding is 
where friction force dominantly a hysteresis non-local 
memory of the displacement. In many years, research is 
continuously done on compensating friction based on pre-
sliding regime. Dahl, Lugre, Leuven model and Generalized 
Maxwell Slip (GMS) are compensation model based on pre-
sliding regime and hysteresis with nonlocal memory 
[8,7,11,12]. 
In 1995, LuGre model was introduced by Canudas et al 
[11]. LuGre model is a new improved friction model for 
control of the system with friction. It includes Stribeck effect, 
hysteresis, spring-like characteristic for stiction and varying 
break-away force. This model presents experimentally 
observed of friction behavior. In 2000, Swevers et al [13] 
introduced Leuven model that is an improved LuGre model. 
This model has been modified by Lampaert et al [14] which 
provide continuous friction force and solve the problem on 
stack overflow in implementation of hysteresis force. In 2003, 
Lampaert et al [7] presented a Generalized-Maxwell-Slip 
friction model or GMS model. After that, GMS model has 
been studied and illustrated in simulation for both pre-sliding 
and sliding regimes by Al Bender et al. [10]. The extended 
Maxwell which is assessed via Monte Carlo experiment 
became an effective method for feedforward control of the 
system with friction. In recent years, a study on modified 
GMS is aggressively done by few researchers. Smoothed 
GMS friction model and M-GMS have been introduced to 
provide smooth connection between sliding regimes [15][16].   
3. Contouring error- Quadrant glitch 
Motion error is one of important error that affect the 
accuracy of machine. High friction occurs especially at 
motion reversal. Glitch focus at quadrant location during 
circular motion is a direct result of it. Circular cutting process 
is performed on CNC milling machine according to ISO 230-
4:1996(E). Quadrant glitch analysis is performed using 
measurement at the roundness of circular workpiece where 
the magnitudes of the glitches at the quadrant position are 
identified. Tracking error analysis based on radial error 
recorded by roundness measurement. Tracking error is the 
different between ideal designed and stimulated tracking 
position with the actual tracking position on the machine. 
During the circular motion performed on a CNC milling 
machine, the X axis and Y axis motion on XY table is moved 
in sinusoidal form. The non-linear behaviour of friction at 
motion reversal will cause glitches to form at the quadrant 
position of the circular workpiece. The magnitude of quadrant 
glitches depends on the square of the feed rate.  
Roundness measurement is a measure of the sharpness of a 
particle’s edges and corners. The measuring equipment used 
is MAHR MMQ-44 roundness tester machine. 
FORMTESTER MMQ-44 roundness tester is features with 
three measuring axes (C,Z and X) and an automatic centering 
and tilting table. It is controlled by FORM-PC, a measuring, 
control and evaluation program. The analysis involves two 
different federate with same spindle speed. Table 1 shows the 
parameter setup for the experiment. 
Table 1 Parameter set up for cutting experiment 
Diameter of circular path 30 mm 
Spindle speed 1000 rpm 
Feedrate 250 mm/min 
500 mm/min 
Depth of cut 1.5 mm 
 
The results of roughness measurement for work pieces cut 
with feed rate 250 and 500 mm/min are shown in Fig 1. Fig 
1(a) and 1(b) demonstrate radial error with respect to angle in 
degree of circular workpiece. Whereas, Fig (c) and (d) show 
quadrant glitches at each quadrant angle. 
 
 
a 
 
[mm] 
[degree] 
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Fig 1 (a) Linear centered roundness measurement with feed rate 250 mm/min 
(b) Linear centered roundness measurement with feed rate 500 mm/min       
(c) Circular centered roundness measurement with feedrate 250 mm/min      
(d) Circular centered roundness measurement with feedrate 500 mm/min 
Table 2 shows the result of quadrant glitch based on 
different federate. From the table, it can be seen that motion 
accuracy of CNC machine tools increases as operating speed 
increases. 
Table 2 Result of quadrant glitch based on different feedrate 
Feedrate 
(mm/min) 
Radial 
error (μm) 
Magnitude of quadrant glitch (μm) 
0 90 180 270 
250 12.91 1 1.7 0.5 2 
500 10.98 2.2 2 3.5 2.5 
                   
       
4. Experimental setup and result 
4.1Experimental setup 
Friction feedforward compensation is validated by 
experiments. For circular motion, x and y axis are defined 
with sinusoidal wave (cosine and sine wave) respectively. 
Sinusoidal wave with amplitude 30 mm is applied to evaluate 
the compensation performance of the reversal motion. The 
tracking performance of axes is analysed with three different 
velocities; 2 mm/s, 3 mm/s and 4 mm/s. Fig 2 and Fig 3  
illustrates the experimental setup and block diagram of 
applied friction feedforward compensation with PID 
controller for each axis respectively.  Table 3 shows 
parameter setup for both axes. 
 
 
 
 
 
 
 
Fig 2 Experimental setup 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3  Block diagram of system with friction feedforward compensation 
Table 3 Parameter applied for experiment 
Parameter X axis Y axis 
Source of signal Cosine Sine 
Amplitude (mm) 30 
Bias 0 
Frequency (rad/sec) f*2*pi 
Phase (rad) pi/2 0 
Sample time (s) 1/2000 
Kp (V/mm) 1.2051 1.32 
Ki (V/mm·s) 0.0012051 0.0008248 
Kd (V·s/mm) 0.0060257 0.006805 
Velocity (mm/s) 2,3,4 
 
 
Friction behaviour categorised in sliding and pre-sliding 
regime. Hence, important parameters to be identified 
including Coulomb friction, Stribeck friction, Stribeck 
velocity, number of elementary blocks, stiffness and viscous.  
Friction behaviour in sliding regime is analysed by static 
friction model. This model is dependent to the sliding velocity 
ν. It considers Coulomb, viscous and Stribeck friction. The 
Stribeck effect represents a decreasing effect of friction forces 
respectively. Vs is Stribeck velocity and Stribeck shape factor 
δ. Equation 1 is applied to identify static friction model. Table 
4 shows identified parameters for static friction model. 
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Table 4 Parameter for static friction model 
Parameter x-axis y-axis 
Fc 0.5 0.15 
Fs 3.8 1.00 
σ 6 4.3 
1/Vs  0.15  0.2 
 
In pre-sliding regime, the Generalized Maxwell-Slip (GMS) 
model consists of friction properties of Stribeck curve, the 
hysteresis function and frictional memory. It has elements of 
Maxwell slip, which is parallel of N elementary slip-blocks 
and spring [5,7,17]. 
The dynamic behavior of elementary slip block and spring 
is described as below: 
Xii kdt
dF   (2) 
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The total friction force F is the summation of the output of 
all elementary state models and viscous term σ. 
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In term of GMS model, displacement is dominant and 
hysteretic with non-local memory behaviour. This behaviour 
is represented with a virgin curve. The virgin curve as in Fig 4 
is constructed based on sinusoidal excitation of amplitudes of 
5 μm and 40 μm with frequency of 1 Hz. N, elementary slip 
blocks in this study is N=4 yielding to 13 parameters (αi’s and 
ki’s ) total from each 4 elements. Based on virgin curve, GMS 
parameter is identified as in Equation (5). Table 5 shows 
GMS model parameters applied for this study. 
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Table 5 Parameter of GMS model 
Parameter x-axis y-axis 
α1 0.0625 0.1795 
α2 0.1375 0.3532 
α3 0.1 0.068 
α4 0.0125 0.0352 
k1 46.4286 120.2877 
k2 61.9047 100.6 
k3 10.4167 20.404 
k4 6.25 2.926 
 
 
 
4.2 Experimental result 
 
XY stage is run with sinusoidal waves at both X and Y 
axes to perform a circular motion for minimum 2 cycles. The 
experiment is done at 3 different velocities; 2 mm/s, 3 mm/s 
and 4 mm/s. Based on experimental results, it demonstrates 
the most effective implementation of PID and friction 
feedforward compensation model is when velocity is 2 mm/s. 
Fig 5 shows XY plot and radial error of circular motion for a 
different condition of model implementation. The system has 
been implemented by static friction model, GMS model and 
combination of static and GMS model. Table 6 compares 
experimental data in term of contour error and tracking error.  
 
 
Table 6 RMS Error and tracking error of quadrant glitch magnitude 
Velocity 
(mm/s) 
Friction 
model 
Contour error Tracking error 
RMSE Max 
error 
RMSE  
at X 
RMSE at 
Y 
2 no 
feedforward 
0.0006496 0.0031 0.0029 0.0027 
static 0.000806 0.0025 0.0013 0.000799 
GMS 0.0008901 0.0034 0.0028 0.0025 
Static + GMS 0.0007961 0.0037 0.0013 0.000911 
3 no 
feedforward 
0.0008909 0.004 0.0042 0.0039 
static 0.0009434 0.0037 0.0015 0.0008741 
GMS 0.000727 0.0034 0.0042 0.0037 
Static + GMS 0.0008144 0.0034 0.0013 0.0009235 
4 no 
feedforward 
0.0009551 0.0052 0.0055 0.0053 
static 0.0009754 0.0038 0.0013 0.001 
GMS 0.0008682 0.0056 0.0058 0.0049 
Static + GMS 0.0009522 0.0036 0.0012 0.0011 
 
Fig 4 Virgin curve for GMS model  
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Fig 5 XY plot and radial error of circular motion at 2 mm/s 
 
 Based on XY plot and radial error of circular motion 
as illustrated as Figure 5, a list of magnitude of quadrant 
glitches is measured to show the comparison of glitches 
according to friction model applied. Table 7 shows the 
comparison of magnitude glitches for velocity of 2 mm/s, 3 
mm/s and 4 mm/s. 
 
Table 7 Magnitude of quadrant glitches based on radial error of circular 
motion 
Velocity Angle  Magnitude of quadrant glitches (mm) 
Without 
friction 
feedforward 
With 
static  
With 
GMS 
with 
static 
+GMS (mm/s) (degree) 
2 0 0.00308 0.00245 0.003364 0.002896 
90 0.00181 0.00127 0.002389 0.001747 
180 0.001098 0.00083 0.001045 0.000872 
270 0.0009279 0.00032 0.001051 0.000707 
3 0 0.003975 0.00242 0.003426 0.002387 
90 0.002579 0.00175 0.002619 0.002008 
180 0.001098 0.0026 0.002265 0.002566 
270 0.001425 0.00056 0.00175 0.000906 
4 0 0.005156 0.00378 0.005557 0.003557 
90 0.003193 0.00234 0.002853 0.002287 
180 0.001807 0.00248 0.001937 0.002669 
270 0.001864 0.00125 0.002276 0.001445 
 
 
a 
 
 
 
 
 
 
 
 
b 
 
 
 
 
 
 
 
 
 
c 
 
 Fig 6 Percentage error reduction at velocity (a) 2 mm/s (b) 3 mm/s (c) 4 
mm/s 
 The compensation of quadrant glitch magnitude is 
analyzed based on root mean square error (RMSE). The 
results have demonstrated that RMSE of tracking error is 
clearly viewed compared to contour error. Overall, RMSE of 
tracking error at Y axis is lower than X axis. However, there 
is no significant reduction of RMSE in contour error 
regardless compensation model.  
 By comparing different friction feedforward 
compensation model, static friction model shows a significant 
reduction for all velocities. In another point of view, better 
reduction with implementation of static friction represents that 
the friction in sliding regime is accountable to be 
compensated compared to pre-sliding regime. Fig 6 compares 
percentage error reduction at each quadrant at different 
velocities.  Each quadrant categorized with positive y axis 
(pos y), positive x axis (pos x), negative y axis (neg y) and 
negative x axis (neg x) as in Fig 7. 
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Fig 7 Quadrant assigned for x and y axis 
Based on the results of percentage error reduction in Fig 6, 
lower velocity produces higher reduction. The observed result 
shows that percentage error reduction is higher at each 
quadrant especially by static friction model. The reduction is 
much higher when implemented a combination of static and 
GMS friction model. In term of quadrant, it is illustrated that 
negative Y provides a better reduction among another 
quadrant.  
 
5. Conclusion 
 
The aim of study is to reduce or eliminate contouring error 
in order to improve machine tools precision. The present 
study was designed to determine the effect of PID and friction 
compensation model feedforward on ball screw driven 
positioning stage. It is shown that PID controller with friction 
feedforward provides no sufficient enough to compensate 
friction in the system. It is found that only lower velocity 
gives better reduction in error. Besides that, RMSE of 
tracking error at Y axis is more likely compensate compared 
to X axis.  Further research may explore the effectiveness of 
another controller such as Cascade controller with friction 
compensation model feedforward towards ball screw driven 
positioning stage.  
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